PKA (protein kinase A) is tethered to subcellular compartments by direct interaction of its regulatory subunits (RI or RII) with AKAPs (A kinase-anchoring proteins [26654][26655][26656][26657][26658][26659][26660][26661][26662][26663][26664][26665]. In the present study, we demonstrate that peptides (25 amino acid residues) derived from the RII-binding domain of AKAP7δ bind RIIα subunits with higher affinity (K d = 0.4 + − 0.3 nM) than either fulllength or N-terminally truncated AKAP7δ, or peptides derived from other RII binding domains. The AKAP7δ-derived peptides and stearate-coupled membrane-permeable mutants effectively disrupt AKAP-RII subunit interactions in vitro and in cell-based assays. Thus they are valuable novel tools for studying anchored PKA signalling. Molecular modelling indicated that the high affinity binding of the amphipathic helix, which forms the RIIbinding domain of AKAP7δ, with RII subunits involves both the hydrophobic and the hydrophilic faces of the helix. Alanine scanning (25 amino acid peptides, SPOT technology, combined with RII overlay assays) of the RII binding domain revealed that hydrophobic amino acid residues form the backbone of the interaction and that hydrogen bond-and salt-bridge-forming amino acid residues increase the affinity of the interaction.
INTRODUCTION
A plethora of stimuli including hormones and neurotransmitters induce the generation of the second messenger cAMP and thereby mediate activation of PKA (protein kinase A) in the same cell, often at the same time. It is now appreciated that different stimuli induce the activation of PKA at specific sites within a cell [1] . Local activation of PKA allows for the phosphorylation of particular substrates in close proximity and is facilitated by the tethering of PKA to cellular compartments by AKAPs (A kinaseanchoring proteins; [2] [3] [4] ). The compartmentalization of PKA by AKAPs contributes to the specificity of a cAMP-dependent cellular response. However, localization of PKA by itself may not be sufficient to compartmentalize a cAMP-/PKA-dependent pathway. As cAMP readily diffuses throughout the cell, discrete cAMP signalling compartments are only conceivable if this diffusion is restricted. This is achieved by the action of PDEs (phosphodiesterases). They establish gradients of cAMP by local hydrolysis of the second messenger. For example, PDE3 and PDE4 localize to distinct compartments in cardiac myocytes. PDE4, rather than PDE3, appears to modulate the amplitude and duration of the cAMP response to β-adrenergic receptor activation [5] . A few PDEs interact with AKAPs and thus establish local control of the cAMP concentration at the site of PKA action [6] .
Several AKAPs bind not only PKA and PDEs but also other signalling molecules. They form multiprotein complexes that propagate and integrate a broad range of cellular events [2] . For example, AKAP13 (AKAP-Lbc or AKAP-Ht31) binds three protein kinases: PKA, PKC (protein kinase C) and protein kinase D, and functions as a guanine nucleotide exchange factor for the small GTPase, Rho A [7] [8] [9] [10] [11] [12] .
The inactive PKA holoenzyme consists of two C (catalytic) and dimeric R (regulatory) subunits, type RI (RIα or RIβ) or type RII (RIIα or RIIβ). Binding of cAMP to the R subunits causes a conformational change, resulting in the release and, thereby, activation of the C subunits [13, 14] . AKAPs preferentially interact with RII subunits, although some AKAPs also bind RI subunits [15] .
The PKA-anchoring domains, also termed RII-binding domains, of AKAPs comprise 14 -18 amino acid residues and are structurally conserved within the AKAP family. They form amphipathic helices which slot into a complementary binding Abbreviations used: AKAP, A kinase-anchoring protein; AKAP IS , AKAP in silico; AQP2, aquaporin-2; 8-Br-cAMP-AM, 8-bromo-cAMP-acetoxymethylester; BRET, bioluminescence resonance energy transfer; C subunit, catalytic subunit; C m , membrane capacitance; D-PBS, Dulbeco's-PBS; GFP, green fluorescent protein; GST, glutathione S-transferase; I Ca , Ca 2+ current; PKA, protein kinase A; PKC, protein kinase C; PDE, phosphodiesterase; R subunit, regulatory subunit; SPR, surface plasmon resonace; TFE, trifluoroethanol; wt, wild-type. 1 To whom correspondence should be addressed (email klussmann@fmp-berlin.de).
pocket formed by the docking and dimerization domains of the R subunits [16 -18] . Sequence homology of RII-binding domains is hardly detectable [19] . The binding affinities for RII subunits differ greatly within the AKAP family. For example, the members of the ERM (ezrin, radixin, moesin) family bind RII subunits with a micromolar affinity [20] , whereas AKAP5 (AKAP79), AKAP8 (AKAP95) and AKAP13 bind RII subunits with K d (equilibrium dissociation constant) values of 1.3-50 nM [21] [22] [23] and are considered high affinity AKAPs. AKAP7δ (AKAP18δ; [24] ) is also a high affinity AKAP. The K d values for the binding of AKAP7δ to RIIα and RIIβ subunits are 31 and 20 nM respectively [25] . A truncated AKAP7δ mutant (full-length protein: 353 amino acid residues) consisting of amino acid residues 124 -353 binds both RIIα and RIIβ subunits of PKA with higher affinity than the full-length protein (9 and 4 nM respectively). Thus an N-terminal region interferes with RII subunit binding [25] . In the present study, we describe 25 amino acid peptides derived from the AKAP7δ RII-binding domain that bind RII subunits with higher affinity (K d = 0.4 nM) than the full-length protein, the N-terminally truncated mutant (as described above), and peptides derived from other AKAPs. The AKAP7δ-derived peptides disrupt PKA-anchoring in vitro and in vivo and are thus valuable tools to study anchored PKA signalling. The interaction of RII-binding domains with RII subunit dimers is considered to be mediated by hydrophobic contacts [18, 19, 26] . However, the number and distribution of hydrophobic amino acid residues in RII-binding domains is similar in all AKAPs. Hydrophobicity of RII-binding domains, therefore, is most probably not the sole determinant of AKAP-RII interactions. In order to gain further insight into the molecular determinants of the interaction between AKAPs and RII subunits we analysed the interaction of the high-affinity AKAP7δ with RIIα subunits. Our analysis revealed that in addition to hydrophobic interactions, hydrogen bonds and salt-bridges on the hydrophilic face of the amphipathic helix forming the RII-binding domain contribute to binding.
EXPERIMENTAL

Peptides, peptide arrays and RII overlays
Peptides (for sequences see Table 1 and Supplementary Table 1 at http://www.BiochemJ.org/bj/396/bj3960297add.htm) derived from the RII-binding domains of AKAPs were synthesized as described [27] . AKAP7δ-derived peptides were named after the substitution compared with the corresponding position in the fulllength AKAP7δ protein e.g. peptide AKAP7δ-L304T-pep comprises amino acid residues 296 -320 of AKAP7δ with a leucine to threonine substitution at position 304 in AKAP7δ. Peptides with double or multiple substitutions were named accordingly. AKAP7δ-wt (wild-type)-pep comprises the wt sequence of the AKAP7δ RII-binding domain. For SPR (surface plasmon resonance) and CD measurements (as described below) biotin was attached N-terminally. Peptides were rendered membrane-permeable by N-terminal elongation with stearic acid. The identity of peptides was demonstrated using MS, and their purities were > 90 % as determined by HPLC analysis (220 nm).
Peptide substitution arrays were generated by automatic SPOTsynthesis on Whatman 50 cellulose membranes by using Fmoc (fluoren-9-ylmethoxycarbonyl) chemistry and the AutoSpotRobot ASS 222 (Intavis Bioanalytical Instruments AG, Köln, Germany) as described in [28, 29] . Control spots (approx. 50 nmol of peptide per spot) were excised from the cellulose membrane and analysed by MALDI-TOF (matrix-assisted laser-desorption ionization-time-of-flight)-MS. [30, 31] . Bovine RII subunits were purchased from Sigma-Aldrich (Deisenhofen, Germany), other RII subunits were prepared as described in [23] .
SPR measurements
SPR measurements were carried out using a Biacore 2000 instrument (Biacore AB, Uppsala, Sweden) [23] . In brief, CM-5 chips (research grade, Biacore AB), coated with streptavidin [200 RU (resonance units); Sigma-Aldrich Chemie GmbH, Steinheim, Germany], were used to capture N-terminally biotinylated AKAP7δ-derived peptides (Table 1 ). All subsequent interaction studies were performed in running buffer [20 mM Mops, 150 mM NaCl (pH 7.0) and 0.005 % surfactant P20] at 25
• C. Non-specific binding was subtracted on the basis of blank surfaces with streptavidin-coated flow cells saturated with either biotin or an appropriate negative control peptide. Regulatory RIIα (human; cAMP-free) was injected for 180 s with a flow rate of 50 µl/min using a series of dilutions (0.5 nM to 1 µM). After each injection the dissociation phase was monitored for 600 s. Kinetic constants from the raw data were calculated by non-linear regression or equilibrium binding analysis using the Biaevaluation software version 4 (Biacore AB). K d values were calculated from the respective rate constants on the basis of a Langmuir 1:1 binding model.
CD measurements
CD measurements of N-terminally biotinylated peptides at a concentration of 50 µM were performed in a mixture of phosphate buffer (10 mM, pH 7.4)/TFE (trifluoroethanol) (1:1, v/v) and, as a control in phosphate buffer (10 mM, pH 7.4) in the presence of 15 mM SDS in a 2 mm cell. Spectra were recorded between 195 and 260 nm on a J-720 spectrometer (Jasco, Japan). 
Molecular modelling and structure prediction
For the RII-binding domains of AKAP5 and AKAP13, α-helical structures have been determined by NMR [18, 26] . Therefore AKAP7δ-derived peptides were docked into the dimerization/ docking domain of RIIα subunits (NMR structures of RIIα dimers are from PDB entries 1R2A and 1L6E that were used as templates) as α-helical structures by utilizing the tools 'surfaces with electrostatic potentials' and 'FlexX' from the SYBYL 6.91 molecular modelling package (TRIPOS Inc., St. Louis, MO, U.S.A.). The peptide and dimerization domain complex with fitting shape, complementary electrostatic potentials on the surfaces and the highest average docking score among the C-Scores (ChemScore, D Score G Score PMF Score) was selected as the best complex. The model of the complex was placed in a water box and minimized with the AMBER 7.0 force field [33] using the conjugated gradient method by 3000 iterations up to the termination gradient of 0.1 kcal/(mol * A) (1 kcal ≈ 4.184 kJ). The geometrical quality of the model was validated with PROCHECK [34] . Secondary structures of the indicated peptides were predicted using the PSIPRED program (http://bioinf.cs.ucl.ac.uk/psipred/).
ELISA-based assay to measure GST (glutathione S-transferase)-AKAP7δ-RIIα interaction
Multiwell plates (Corning B.V. Life Sciences, Schiphol-Rijk, The Netherlands) were coated with RIIα (15 ng/well) by incubation in PBS containing protease inhibitors (1 h, 22
• C). Free binding sites were blocked by incubation with blocking buffer (PBS containing 0.3 % dried skimmed milk/0.05 % Tween-20) for 1 h at 22
• C. After washing three times with wash buffer (PBS/0.05 % Tween-20), GST-AKAP7δ ( [25] ;15 ng/well) was added in the absence or presence of peptides (concentrations are indicated in Figure 2A ). As a control, the peptide solvent, DMSO, was added without peptide in appropriate concentrations. DMSO did not affect the binding of GST-AKAP7δ to RIIα subunits. After incubation for 1 h at 22
• C and washing with wash buffer, rabbit anti-AKAP7δ (A18δ3) and peroxidase-conjugated anti-rabbit antibodies were added for 1 h at 22
• C. The wells were rinsed with wash buffer, LumiLight Western blotting substrate solution (Roche Diagnostics, Mannheim, Germany) was added, and enzyme activity was assessed in a Luminescence intensity reader (GeniosPro, Tecan, Durham, NC, U.S.A.) with 10 ms integration time/well. Curves were fitted based on a one-sitecompetition binding model and IC 50 values were calculated using Prism 4.0 (GraphPad Software, San Diego, CA, U.S.A.).
Immuno-isolation of AQP2 (aquaporin-2)-bearing vesicles and PKA activity measurements
AQP2-bearing vesicles were immuno-isolated from rat renal inner-medullary tissue utilizing Eupergit C1Z methylacrylate microbeads (Roehm Pharma, Darmstadt, Germany) coated with anti-AQP2 antibodies (AQP2 antibody beads). Non-specific binding sites on the beads were blocked with glycine. As a control, cellular fractions were prepared with beads coated with glycine alone [25] . Both fractions were resuspended in PBS, and PKA activity was measured using a commercially available assay system based on PKA phosphorylation of the substrate peptide Kemptide (Upstate Cell Signaling Solutions/Biomol, Hamburg, Germany).
Electrophysiology
Cardiac myocytes were obtained from 3-5-day-old neonatal rats and cultured as described [35] . The whole-cell L-type I Ca (Ca 2+ current) was recorded at room temperature from spontaneously contracting cells 3-5 days after seeding [36] (EPC-9 patch clamp amplifier, Pulse software, HEKA Elektronik, Lambrecht, Germany). The extracellular solution contained 140 mM TEA chloride, 10 mM Hepes, 1 mM MgCl 2 , 2 mM CaCl 2 , 12 mM glucose and 0.1 mM EGTA (pH 7.4 adjusted with CsOH; 300 mOsm/ kg). The intracellular solution contained 80 mM CsCl, 15 mM TEA chloride, 20 mM citrate, 10 mM Hepes, 2 mM CaCl 2 , 3 mM MgCl 2 , 5 mM EGTA, 10 mM MgATP, 0.3 mM Na-GTP, 0.2 mM free Mg 2+ and 45 nM free Ca 2+ (pH 7.4, adjusted with CsOH; 285 mOsm/kg; Ca 2+ and Mg 2+ concentrations were calculated with Win-MAXC (http://www.stanford.edu/∼cpatton/ winmaxc2.html). Fire-polished recording pipettes (borosilicate glass) were filled with intracellular solution and had a resistance of 2-3 M . To evoke I Ca , cells were depolarized repetitively (20 s intervals) from a holding potential of − 70 mV to − 35 mV with a 400 ms ramp and then depolarized to a test potential of 0 mV for 100 ms. All membrane potentials were corrected for liquid junction potential (11 mV). The currents were filtered at 2.9 kHz and sampled at 2 kHz. If necessary currents were leak-subtracted by the P/4 method. I Ca was measured as the difference between the peak inward current and the current at the end of the test pulse [37] . Series resistance (4 -10 M ) and total C m (membrane capacitance) were compensated and continuously recorded. For a comparison of different cells' current densities, I Ca /C m was calculated. Peptides (30 µM, dissolved in intracellular solution, DMSO content 0.16 %) were introduced into the cells via the patch pipette. The influence of peptides on the isoproterenol stimulation of L-type Ca 2+ channels was measured for 11 min (for peptides used at 30 µM) or 22 min (for peptides used at 1 µM) after patch rupture. Isoproterenol (1 µM) was applied through an application pipette (QMM, Ala Scientific Instruments) positioned near the cell. For statistical analysis (oneway ANOVA) isoprotenerol-evoked I Ca /IC m was expressed as a fraction of unstimulated I Ca /IC m .
BRET (bioluminescent resonance energy transfer) measurements
Generation of the BRET sensor and BRET measurements were carried out as recently described [38] . In brief, the human PKA Cα subunit-encoding sequence was amplified by using sense and antisense primers harbouring HindIII and BamHI sites respectively, and subcloned into the corresponding restriction enzyme sites of the vector pGFP (green fluorescent protein)-C3 (PerkinElmer Rodgau, Germany). The human PKA RIIα subunit-encoding sequence was amplified with primers allowing for cloning with BamHI and KpnI restriction enzymes into the vector pRluc-N2 (PerkinElmer). COS-7 cells, maintained in DMEM (Dulbeco's modified Eagles's medium) plus 10 % foetal calf serum, were seeded in a 96-well microplate (Optiplate, PerkinElmer; 2 × 10 4 cells/well). Co-transfections were carried out 1 day later using 4 µl of PolyFect (Qiagen, Hilden, Germany) and a total of 0.5 µg of plasmid DNA/well. After 2 days, cells were serum-starved for 4 h, and subsequently rinsed with D-PBS (Dulbecco's-PBS), (Invitrogen, Karlsruhe, Germany). 8-Br-cAMP-AM (8-bromo-cAMP-acetoxymethylester; 50 µM; [39] ) or the membrane-permeable stearate-coupled peptides S-AKAP7δ-L314E-pep, S-Akap7δ-PP-pep, S-Ht31 or S-Ht31-P (100 µM each) were added to the wells for 30 min. The cells were incubated with 100 µM isoproterenol or, as a control, with D-PBS (10 min). Liquid was removed from the wells, and BRET measurements were started by adding 5 µM DeepBlueC TM (PerkinElmer). The emission of light was detected using a Fusion TM multilabel reader (PerkinElmer) consecutively for each well, using filters at 410 nm wavelength (+ − 80 nm band pass) for the donor (Rluc) and at 515 nm (+ − 30 nm band pass) for the acceptor fluorophore, GFP. Control transfections with empty pRluc and pGFP vectors were performed in each experiment. Background values obtained using untransfected cells were subtracted from each measurement. BRET ratios were calculated as follows using Prism 4.0: (emission 515nm − background 515nm )/ (emission 410nm − background 410nm ).
RESULTS
Peptides derived from the RII-binding domain of AKAP7δ bind RII subunits of PKA with subnanomolar affinity
Truncated AKAP7δ (amino acid residues 124-353) binds RII subunits with higher affinity than the full-length protein [25] . SPR measurements ( Figure 1A , Figure 1A , Table 2 ). By contrast, introduction of two α-helix-disrupting prolines (peptides Ht31-P and AKAP7δ-PP-pep) abolished RII-binding ( Figure 1A , Table 2 ). The introduction of a negative charge by replacing leucine with aspartate at position 308 (L308D) also abolished binding to RIIα subunits (Table 2) . TFE-induced helicity of peptides is considered to be indicative of their capability to form α helices [40] . We took the different CD profiles ( Figure 1B ) as an expression of the different helical propensities of the AKAP7δ-derived peptides. The α-helical (amphipathic helix) content of the peptides AKAP7δ-wt-pep (72 %), AKAP7δ-L314E-pep (70 %) and AKAP7δ-L304T-pep (69 %) were hardly distinguishable from each other and were similar to those of the peptide Ht31 and the RII-binding domain of AKAP5 [18, 26] . As expected, the α-helical content of the prolinecontaining AKAP7δ-PP-pep was strongly decreased (29 %). A comparable helix pattern was found in the presence of membranemimicking SDS micelles where the RIIα subunit-binding peptides revealed 54 % helicity, whereas the helical content of peptide AKAP7δ-PP-pep was only 14 % (results not shown).
In order to compare the ability of RIIα subunit binding of AKAP7δ-derived peptides with peptides derived from the RIIbinding domains of other AKAPs, we utilized a combination of peptide SPOT technology and RII overlay. Peptides (25 amino acid residues) encompassing the RII-binding domains of the human AKAPs, AKAP1 (AKAP149), 2 (AKAP-KL), 5 (AKAP79), 9 (AKAP450), 10 (D-AKAP2), 11 (AKAP220), 12 (gravin), 14 (AKAP28), Rab32 ( Figure 1C) , and AKAP13, AKAP IS (AKAP in silico) and AKAP7δ-derived peptides (Figures 1C and 2B) were SPOT-synthesized and overlaid with 32 Plabelled RIIα subunits. AKAP IS [21] is an RII-binding peptide that has recently been identified by an bioinformatics approach. Figures 1(C) and 2(B) show that AKAP7δ-derived peptides bind RIIα subunits with the highest apparent affinity of all peptides tested. This is supported by the observation that pre-incubation of 32 P-labelled RII subunits with peptide AKAP7δ-L314E-pep (10 µM) prevented binding to all peptides except to AKAP7δ-derived ones ( Figure 1C and 2B) . Pre-incubation of RIIα subunits
Figure 2 AKAP7δ-derived peptides act as PKA-anchoring disruptors in vitro
The sequences of the peptides are given in Table 1 . (A) Multiwell plates were coated with RIIα subunits (15 ng/well) and incubated with GST-AKAP7δ (15 ng/well) in the presence of the indicated peptides. Binding of GST-AKAP7δ to RIIα subunits was detected by incubation with anti-AKAP7δ and secondary horseradish peroxidase-conjugated antibodies, and subsequently with a chemiluminescence peroxidase substrate solution. Signals were recorded in a luminescence intensity reader (n = 3; means + − S.D.). (B) Peptides representing the RII-binding domain of AKAP7δ, derivatives thereof, Ht31 and AKAP IS were SPOT-synthesized and probed with 32 P-labelled RIIα subunits alone (upper panel), in the presence of the PKA-anchoring disruptor peptide AKAP7δ-L314E-pep (10 µM; middle panel) or the inactive control peptide AKAP7δ-PP-pep (10 µM; lower panel). Signals were detected by autoradiography. A representative experiment is shown (n = 3 independent experiments). (C) AQP2-bearing vesicles were isolated from rat renal inner medullary tissue. The vesicles were left untreated or incubated with the peptides Ht31, AKAP7δ-L314E-pep, AKAP7δ-L308D-pep (100 µM each) or the PKA inhibitor peptide PKI (100 µM), and PKA activity was assayed (n = 3; means + − S.D.).
with a proline-containing AKAP7δ-PP-pep control peptide did not affect the interaction.
AKAP7δ-derived peptides disrupt PKA anchoring in vitro
The high-affinity binding of AKAP7δ-derived peptides to RIIα subunits suggests that such peptides act as potent disruptors of PKA anchoring. Indeed, in an ELISA-based assay (Figure 2A) , peptide AKAP7δ-L314E-pep inhibited the AKAP7δ-RIIα interaction with an IC 50 of 26 + − 4 nM. This value is approx. 5-fold lower than that obtained for the peptide Ht31 (IC 50 = 113 + − 17 nM). The proline-containing peptides AKAP7δ-PP-pep and
Figure 3 AKAP7δ-derived peptides disrupt AKAP-PKA interactions in vivo
The sequences of the peptides are given in Table 1 . (A) L-type Ca 2+ -channel currents were measured in rat neonatal cardiac myocytes by using the patch-clamp technique. Cells were clamped to − 70 mV and repetitively depolarized to a test potential of 0 mV after a 400 ms ramp to − 35 mV. The peptides AKAP7δ-L304T-pep, AKAP7δ-L314E-pep or the inactive control peptide AKAP7δ-PP-pep (30 µM each) and AKAP7δ-wt-pep (1 µM) were administered through the patch pipette. Current recordings started 400 s after establishing whole-cell configuration. Cells were stimulated with isoproterenol (1 µM; ISO) at the indicated time followed by a washout. Time courses of normalized current densities (A) and a summary (B) of the individual experiments (n is indicated by the numbers in brackets, means + − S.E.M.). *, significant difference from untreated control (P < 0.05). (C) COS-7 cells expressing human RIIα subunits fused with GFP, and Cα subunits fused with luciferase were grown in 96-well plates. Cells were treated with the stearate-coupled peptides S-AKAP7δ-L314E-pep, S-AKAP7δ-PP-pep, S-Ht31, S-Ht31-P (100 µM each), 8-Br-cAMP-AM (50 µM) or D-PBS for 30 min. Subsequently, isoproterenol (ISO; 100 µM, 10 min) was added where indicated. BRET was measured by using luciferase substrate DeepBlueC TM and a multilabel reader (two to four experiments per condition with n = 6 wells of cells for each measurement; means + − S.E.M.). BRET values obtained for D-PBS-treated cells expressing the sensor were defined as 100 %. Statistical analysis was carried out using Prism 4.0. Data were analysed by one-way ANOVA using the Newman-Keuls test to identify significant differences compared with cells treated with D-PBS. *, P < 0.05; #, P < 0.001.
Ht31-P which do not bind RII subunits (see above) did not inhibit the interaction.
Human or mouse RIIα subunits ( Figure 2B ) or a combination of bovine RIIα and RIIβ subunits (results not shown) bound to SPOT-synthesized AKAP7δ-derived peptides, Ht31 or AKAP IS , indicating that interactions of the peptides with RIIα subunits are not restricted to RIIα subunits from a particular species. Pre-incubation of 32 P-labelled RIIα subunits with the peptide AKAP7δ-L314E-pep (10 µM) abolished RIIα-binding to the SPOT-synthesized peptides AKAP IS and Ht31, and strongly decreased its binding to the SPOT-synthesized peptides AKAP7δ-wt-pep, AKAP7δ-L304T-pep and AKAP7δ-L314E-pep (Figure 2B) . The control peptide AKAP7δ-PP-pep did not apparently affect the interaction of RIIα subunits with the SPOT-synthesized peptides, indicating that the AKAP7δ-derived peptide AKAP7δ-L314E-pep is suitable as a potent competitive blocker in RII overlay assays.
Peptide-based disruption of PKA anchoring in vitro was further tested on AQP2-bearing vesicles, to which PKA is anchored by AKAP7δ [25] . The peptides AKAP7δ-L314E-pep and Ht31 (each 10 µM) were chosen for the analysis in order to compare their potency to disrupt PKA anchoring. Each of the peptides decreased PKA activity by approx. 50 % ( Figure 2C ). The control peptide AKAP7δ-L308D-pep, which does not bind RII subunits (Table 2) did not affect PKA activity. By contrast, the PKA inhibitor peptide PKI-(5-24) ablated vesicular PKA activity, indicating that PKA is anchored to the vesicles by AKAPs and, in addition, by other means, such as interaction with proteins through non-canonical RII-binding domains.
In vivo disruption of PKA-anchoring using AKAP7δ-derived peptides
The efficiency of the AKAP7δ-derived peptides to disrupt PKA anchoring in a cellular system was evaluated by interference with PKA anchoring in neonatal cardiac myocytes and COS-7 cells. In cardiac myocytes, L-type Ca 2+ channels are phosphorylated by PKA in response to β-adrenergic receptor activation [37, 41, 42] .
Phosphorylation increases the open-probability of the channels and is a key event in β-adrenergic-receptor-mediated increases in myocyte contractility. Global uncoupling of PKA from AKAPs with the peptide Ht31 prevented β-adrenergic receptor-mediated increases in L-type Ca 2+ channel currents in adult rat cardiac myocytes [37] . Similarly, an AKAP7α-derived peptide mimicking the domain (leucine zipper motif) of AKAP7α that mediates direct interaction with L-type Ca 2+ channels had a similar effect [37] . Figures 3(A) and 3(B) depict patch-clamp experiments using rat neonatal cardiac myocytes which show that the peptides AKAP7δ-L304T-pep and AKAP7δ-L314E-pep also prevented isoproterenol (β-adrenergic receptor agonist)-induced PKA-dependent increases in L-type Ca 2+ channel currents in these cells at a concentration of 30 µM. Peptide AKAP7δ-wt-pep was partially insoluble at a concentration of 30 µM and was therefore used at 1 µM. At this concentration it prevented the isoproterenol-induced increase in L-type channel current to the same extent as the peptides AKAP7δ-L304T-pep and AKAP7δ-L314E-pep. The control peptide AKAP7δ-PP-pep, which does not bind RIIα subunits (as described above), did not alter L-type Ca 2+ channel currents at either 1 or 30 µM concentration ( Figures 3A  and 3B ).
Stearate-coupled or myristoylated versions of the peptide, Ht31, disrupt PKA anchoring in cells [31] . We coupled AKAP7δ-derived peptides AKAP7δ-L314E-pep and AKAP7-PPpep to stearate (S-AKAP7δ-L314E-pep and S-AKAP7δ-PP-pep respectively) and compared their cellular effects with those of stearate-coupled Ht31 (S-Ht31), and proline-containing Ht31-P (S-Ht31-P; Figure 3C) . A recently characterized BRET-based sensor consisting of human RIIα subunits fused with luciferase and human Cα subunits fused with GFP was used to detect PKA anchoring [38] . The sensor forms a PKA holoenzyme and dissociates in response to the elevation of cAMP, which is reflected by a decrease in the BRET signal. The sensor was expressed in COS-7 cells endogenously expressing β-adrenergic receptors to which PKA is anchored via AKAP5 [43, 44] . Elevation of cAMP levels by β-adrenergic receptor stimulation with isoproterenol or by incubaton of the cells with the membranepermeable cAMP analogue 8-Br-cAMP-AM (50 µM), caused a decrease of the BRET signal by 35-40 % and 90 % respectively. Thus as expected a uniform rise in cAMP elicits higher overall PKA activation than a local rise of cAMP induced by receptor stimulation. When the cells were pre-incubated with the peptides S-AKAP7δ-L314E-pep or S-Ht31 prior to isoproterenol treatment, the probe was displaced from the plasma membrane (results not shown) and the BRET signal was only decreased by approx. 10 %, indicating that the peptides entered the cells, prevented dissociation of the sensor and thus largely ablated local activation of PKA ( Figure 3C) . However, the level of peptide uptake and the kinetics of the uptake into the cells are not known at present. Control peptides S-AKAP7δ-PP-pep or S-Ht-31-PP had no effect on the cellular distribution of the sensor (results not shown) and did not change the BRET signal upon isoproterenol treatment. Taken together, the results show that the AKAP7δ-derived peptides act as potent PKA-anchoring disruptors in vitro and in vivo.
Hydrophobic, polar and charged amino acid residues contribute to AKAP-PKA interactions Next we set out to define the molecular basis of the highaffinity interaction between the RII-binding domain of AKAP7δ and RII subunits. An alignment of the RII-binding domains of 18 known AKAPs ( Figure 4A ) indicated the presence of polar and hydrophobic (shaded in grey) amino acid residues in conserved positions. A peptide substitution array of the AKAP7δ RII-binding domain (results not shown) also documented the relevance AKAP7δ-wt-pep) and the peptides AKAP7δ-L314E-pep (top panel), AKAP IS and Ht31 (lower panel). Amino acid residues that potentially form hydrogen bonds or salt-bridges are connected by dotted and unbroken lines respectively. Hydrophobic amino acid residues are highlighted in grey. The residues of the two RIIα protomers are distinguishable by the absence and presence of apostrophes. (D) The peptides comprising the RII-binding domain of AKAP7δ (amino acid residues 295-323) and the indicated N-and C-terminally truncated mutants (black lines) were SPOT-synthesized and probed with 32 P-labelled RIIα subunits. Interaction was detected by autoradiography. Representative spots from three independent experiments are shown. The signals were quantified by densitometric analysis. The relative affinity of each peptide for RIIα binding is depicted as the ratio of its signal intensity to that of the peptide AKAP7δ-wt-pep (mean + − S.D.). The numbers in the left and right panels denote the same peptides. (E)-(G) Putative hydrogen bond-and salt-bridge-forming amino acid residues of AKAP7δ-derived peptides contribute to RII-binding. Peptide substitution arrays were generated where each potential hydrogen bond-or salt-bridge-forming amino acid residue (see Figure 4C ) of the peptides AKAP7δ-wt-pep (E) and AKAP7δ-L314E-pep (F) were substituted with alanine. The peptides were probed for binding to 32 of hydrophobic amino acid residues in conserved positions and in addition the efficiency of proline to lower or disrupt RII binding (see Figure 1A and Table 2 ). Molecular modelling of the interaction between the RII-binding domain of AKAP7δ (amino acid residues 296-320) and RIIα subunits (amino acid residues 1-44; Figure 4B ) again revealed hydrophobic contacts. The amino acid residues involved correspond to those suggested by the alignment depicted in Figure 4(A) . In addition, the model suggested that polar and charged amino acid residues within the RII-binding domain contribute to the interaction. A total of seven out of 13 Figure 4 (C), which also indicates potential hydrogen bonds and salt-bridges between the peptides AKAP7δ, AKAP7δ-L314E-pep, Ht31 and AKAP IS , and RIIα subunits.
In order to test whether non-hydrophobic contacts play a role in the interaction between AKAP7δ and RIIα subunits, a peptide encompassing the RII-binding domain of AKAP7δ (amino acid residues 295-323), and a series of truncation mutants of this peptide, were SPOT-synthesized and probed with 32 P-labelled RIIα subunits ( Figure 4D ). N-terminal truncation of 1-5 amino acid residues removed three predicted interacting residues (Glu 297 , Asp 298 and Glu 300 ) from the RII-binding domain. C-terminal truncation of 1-6 amino acid residues removed one residue (Gln 319 ) predicted to be involved in the interaction. Indeed, removing the relevant amino acid residues at either the N-or C-terminus resulted in decreased RII binding. Next, the influences of single amino acid residues in the RII-binding domain of AKAP7δ that potentially form hydrogen bonds or salt-bridges with residues of RIIα subunits were tested by utilizing a combination of peptide SPOTsynthesis and RII overlay. For this purpose, the peptide AKAP7δ-wt-pep and mutants with alanine substitutions at the relevant positions indicated in Figure 4 (C) were SPOT-synthesized and probed with 32 P-labelled RIIα subunits. Table 2 ). However, peptide AKAP7δ-wt-pep partially precipitated at a concentration of 30 µM limiting its experimental application (as described above). Peptide AKAP7δ-L314E-pep was still soluble at concentrations above 100 µM, indicating that the introduction of a glutamic acid residue increases its solubility. Owing to its higher solubility, AKAP7δ-L314E-pep is the most widely applicable peptide with which to study PKA anchoring. Its interaction with RII subunits was further analysed. As in the AKAP7δ-wt-pep peptide, replacement of hydrogenbond-or salt-bridge-forming amino acid residues with alanine did not influence the interaction with RIIα subunits, or decreased it ( Figure 4F ). Moreover, particular combinations of two or more amino acid residue substitutions in the peptide AKAP7δ-L314E-pep (2 9 possibilities) did not apparently affect the interaction of the peptides with RII subunits, or decreased it but did not abolish the interaction ( Figure 4G ; and Supplementary Table 1) .
Taken together, the results indicate that hydrophobic amino acid residues in the amphipathic helix form the backbone for the interaction of the AKAP7δ RII-binding domain with RII subunits and, in addition, that the binding is increased by charged and polar amino acid residues on the hydrophilic face of the helix, presumably through intermolecular hydrogen bond or salt-bridge formation.
DISCUSSION
Various cellular processes depend upon the interaction of PKA with AKAPs (for review see [2] [3] [4] ). For example, AKAP-PKA interactions are a prerequisite for vasopressin-induced AQP2 redistribution and thus water reabsorption in renal principal cells [25, 31] . In cardiac myocytes, the tethering of PKA by AKAPs allows for β-adrenergic receptor-mediated increases in L-type Ca 2+ channel currents and thereby for increased contractility [37] . We have identified novel high affinity AKAP7δ-derived peptides, which effectively inhibit PKA-AKAP interactions under various experimental conditions in vitro and in cells. For example, they prevent β-adrenergic receptor-mediated increases in L-type Ca 2+ channel currents in patch-clamp experiments ( Figures 3A  and 3B ). Stearate-coupled membrane-permeable versions of the AKAP7δ-derived peptides decrease β-adrenergic receptormediated activation of PKA (Figure 3) , presumably by displacing PKA from locations that are in close proximity to the receptor and adenylate cyclase. Thus the AKAP7δ-derived peptides represent effective tools with which to study PKA anchoring.
The observation that disruption of PKA-AKAP interactions in cardiac myocytes prevents β-adrenergic receptor-mediated increases in L-type Ca 2+ channel currents is reminiscent of the effect of β-blockers on cardiac myocytes. β-blockers dampen the effects of adrenergic stimuli on the heart, and are applied for the treatment of cardiovascular disease. Thus it appears that PKA-AKAP interaction sites are suitable drug targets. A detailed insight into the molecular mechanisms underlying AKAP-PKA interactions may provide the basis for the design of non-peptidic small molecules disrupting AKAP-PKA interactions. The targeting of intracellular protein-protein interactions involving scaffolding proteins such as AKAPs significantly widens the basis for drug therapy by introducing a novel class of drugs that acts independently of ion channels, receptors and enzymes (as classical drugs do).
In order to gain further insight into the interaction of PKA and AKAPs, we aimed to elucidate the determinants defining the high-affinity interaction of the RII-binding domain of AKAP7δ with RIIα subunits. Previous studies have shown that the interaction between RII subunits and RII-binding domains involve hydrophobic amino acid residues of the amphipathic helix forming the RII-binding domain [16, 21] . Our studies confirm this observation for AKAP7δ. Furthermore, they indicate that additional factors safeguard the interaction and influence the binding affinity. Peptides comprising 25 amino acid residues derived from the RII-binding domain of AKAP7δ bind RIIα subunits with a subnanomolar K d ; truncation mutants bind RIIα subunits less efficiently ( Figure 4D ). This observation cannot be explained by the loss of hydrophobic contacts. It is likely that polar or charged amino acid residues contribute directly to the interaction. According to the structural model ( Figure 4B ), seven out of 13 polar or charged amino acid residues in the AKAP7δ RII-binding domain can form hydrogen bonds with partners in the binding pocket of the RIIα dimer ( Figures 4B and 4C) . Indeed, substitution of alanine for several of the potential hydrogen-forming amino acid residues decreased the binding affinity to RIIα subunits ( Figures 4E-4G ). The argument is further supported by the finding that AKAP7δ-derived peptides of the same length substituted with oppositely charged amino acid residues bind RIIα subunits significantly less than wt peptides (e.g. D298R and E300R; results not shown). The substitution of alanine in position 311 for asparagine (N311A) led to a strong decrease in RIIα subunit binding ( Figure 4E ). This asparagine is conserved in the high-affinity AKAPs, AKAP7δ, AKAP2, AKAP5, AKAP12, and in AKAP IS ( Figure 4A ). None of the tested alanine-substituted peptides lost the ability to bind to RIIα subunits ( Figure 4E ), suggesting that the interaction is mediated by hydrophobic amino acid residues retained in the peptides. Thus intermolecular hydrogen bonds (and salt-bridges) between the amphipathic helixforming RII-binding domain of AKAPs and RIIα subunits are likely to contribute to the high-affinity binding.
